The horseshoe vortex system is a common flow feature in many natural and industrial flows occurring near the junction of a blunt obstacle with the endwall surface. In industrial settings, such as in high temperature gas turbine engines, the dynamic behavior of the horseshoe vortex has been shown to contribute significantly to the pressure loading and heat transfer behavior on surfaces near the leading edge of the obstacle. 
I. Introduction
n crossflow, the junction of a surface-mounted obstacle with the endwall is the site of strong three dimensional pressure gradients that cause the incoming boundary layer to separate and form a system of vortices in front of the obstacle leading edge. This system of vortices is known to wrap around the obstacle in a distinctive "horseshoe" I shape, and is thus known to many as the horseshoe vortex system. The horseshoe vortex system is both a commonly occurring phenomenon in industrially relevant flows and is also a highly complex and dynamic phenomenon. Research studies and industrial experience have shown that the horseshoe vortex formed in front of surface-mounted obstacles, such as a turbine blade in a gas turbine stage or a wing-body junction on an aircraft fuselage, can contribute to significant increase in the time mean local drag and heat transfer experienced on the surface wall immediately in front of the obstacle. Further, unsteadiness in the horseshoe vortex system is known to contribute to unsteady pressure loading on the surface-mounted obstacle. [1] Key to understanding and potentially minimizing the unsteady effects of the horseshoe vortex on surrounding structures is understanding the causes of unsteadiness in the structure of the horseshoe vortex system. An important part of understanding the behavior of the vortex is characterizing its sensitivity to parameters such as turbulence intensity in the incoming freestream and boundary layer, which together drive and sustain the formation of this flow feature.
Studies performed on pin-fin arrays have noted distinct differences in the behavior of the vortex as the flow moves from the first pin row to deeper rows in the array, where higher turbulence levels are experienced due to wake shedding from upstream pin fins. [2, 3] What remains unclear, however, is the respective impacts of freestream turbulence versus flow acceleration in the array, on the horseshoe vortex behavior. This study investigates the isolated effect of freestream turbulence intensity on the horseshoe vortex system in front of a single obstacle in crossflow. Detailed time-resolved Stereo Particle Image Velocimetry (SPIV) measurements of the vortex in front of a Rood wing were made under various levels of incoming freestream turbulence. Characterization of the incoming boundary layer profile was done using two-dimensional PIV measurements and freestream turbulence intensity and length scale was measured using a single channel hot-wire anemometer.
II. Previous Studies
Time mean measurements of the horseshoe vortex system have been made on different obstacle geometries and using several different techniques, identifying several key aspects to the time-mean structure of the vortex system. Studies such as Hunt, et al. [4] and Baker [5] , and Dargahi [6] and Kim [7] have used flow visualization techniques to study both the dynamic behavior of the vortex and to identify time-mean lines of separation produced by the horseshoe vortex on the endwall for a variety of obstacle geometries, including cylinders and square prisms. These studies observed time-mean horseshoe vortex systems consisting of anywhere from two vortices, as Devenport and Simpson [8] observed in front of a wing, to as many as four to six, as Baker observed in front of a cylinder [5] . Other studies, such as Simpson [1] , Escauriaza and Sotiropoulos [9] and Doligalski, et al. [10] have focused on characterizing the primary vortex structures in the time-mean flow. These studies found that the primary time-mean vortex structure is elliptical in shape, with smaller secondary and tertiary vortex structures observed in some cases due to the interaction of the primary vortex with the wall and obstacle leading edge. Additional studies by Olmec and Simpson [11] and by Mehta [9] have shown that the bluntness of the nose of the obstacle has a significant effect on the size and strength of the horseshoe vortex structures.
Much effort has been expended in recent studies to better understand the complex unsteady behavior of the horseshoe vortex system. Several studies have shown that the unsteady behavior of the horseshoe vortex system produces high levels of fluctuating unsteady pressure on the surfaces near the blunt body junction. [11, 13, 14] The unsteady behavior of the vortex system is not, however, entirely random. Many studies have identified that the probability density functions of wall normal and streamwise velocity near the mean primary vortex core position exhibit a bimodal distribution, suggesting that the core transitions between two modes or approximate positions. [13] [14] [15] [16] [17] Devenport and Simpson [13] identified these modes as the "backflow mode" and "zero flow mode". The transition from backflow mode to zero-flow mode has often been describes a breakdown event, in which the core briefly decreases in size and retreats closer to the bluff body and endwall due to instabilities in the local and incoming flow. The sensitivity of this breakdown mechanism to factors such as turbulence structures and instabilities in the incoming freestream or boundary layer and Reynolds number is not fully known. Studies by Praisner and Smith [14] and Sabatino and Smith [15] identified that bursting events in the junction flow system are linked to bursting events in the incoming boundary layer flow. Paik, et al. [16] found that the local vorticity that is ejected from under the horseshoe vortex core in the backflow mode eventually forms hairpin vortices that engulf the primary vortex and lead to its destruction into the zero flow mode.
It is not clear, however, how sensitive this breakdown process is to freestream and boundary layer turbulence, and what possible effects high freestream turbulence may have on the unsteady vortex transition behavior. Radomsky and Thole [17] measured the horseshoe vortex at a very high turbulence level of 19.5% using Laser Doppler Velocimetry (LDV) and found that the bimodal distribution of the velocity PDF near the vortex core was maintained. A recent study by Elahi et al. [18] using the same experimental facilities as this study at low freestream turbulence found that the higher degree of small turbulent structures in the incoming boundary layer at increasing Reynolds number contributed to a larger degree of variation in the vortex core position over time, suggesting that turbulence structures in the incoming boundary layer and freestream have a significant effect on the stability of the backflow and zero-flow mode positions. Studies in cylindrical pin fin arrays, such as by Anderson and Lynch [2] have also shown that the bimodal distribution of velocity is present in the first row, as well as in subsequent rows, which inherit the wake turbulence and pressure field distortion of upstream rows. Yet this study also showed that the shape and size of the mean turbulent kinetic energy associated with the primary vortex core changes between row 1 and subsequent rows, a phenomenon likely linked to the transition behavior of the vortex between backflow and zero flow modes. In an array of cylindrical pin fins, it is difficult to distinguish the independent effect of freestream turbulence on the horseshoe vortex behavior from the additional effect of pressure field distortions in the array. This study attempts to isolate the effect of freestream turbulence on the horseshoe vortex in front of a single wing obstacle and provide insight into the sensitivity of the horseshoe vortex to freestream turbulence intensity over a range of Reynolds numbers.
III. Experimental Setup

A. The Facility
Experimental measurements are made in a large recirculating low speed wind tunnel as shown below in Figure 1 . A large fan drives flow through multiple stages of screens to ensure a baseline freestream turbulence of 1-2 percent. Heat exchangers are also used to maintain a constant temperature in the flow. A removable test section was constructed to house a transparent symmetric Rood wing, a scaled version of the airfoil used in Devenport and Simpson [13] , spanning the entire height of the test section, as shown in Figure 1 and described in Elahi et al. [18] . Glass side walls allow optical access to the region around and upstream of the leading edge of the airfoil for PIV measurements, and a system of mirrors allow for the PIV laser sheet to be passed upstream out of the nose of the airfoil along the airfoil symmetry plane, through a removable transparent nose-piece. This technique reduces laser glare on the endwall allowing for very close wall measurements. For the purposes of this study, the coordinate system is designated as right-handed, with positive X in the streamwise direction moving into the leading edge of the wing, positive Y in the upward vertical direction, and positive Z in the direction toward the PIV laser source, as depicted in Figure 1 . The origin is at the base of the leading edge of the Rood wing, along the chordal line of symmetry of the wing. All PIV data collected in this study was taken along the Z=0 plane, and near the bottom endwall of the test section. 
B. Turbulence Grid Configurations and Test Case Nomenclature
Two turbulence grid designs, labeled as medium turbulence "MT" and high turbulence "HT", were used in this study and positioned in two locations upstream of the Rood wing. Both grid designs are composed of vertical cylinders of uniform diameter, each evenly spaced at one diameter apart, as shown in Figure 3 . This design is well documented in literature. [19] Configuration "MT" consists of a grid of cylinders with a diameter of 6.03 cm and configuration "HT" consists of a grid of cylinders with diameter 11.43 cm. Together with a configuration consisting of no turbulence grid, designated low turbulence configuration "LT", the geometries depicted in Figure 4 allowed measurements to be made at turbulence levels ranging from less than 1 percent to 20 percent and at a range of turbulence length scales. The uniformity and magnitude of turbulence intensity and turbulence length scale produced by each grid configuration was measured for each case using a single channel hot-wire anemometer. These measurements were taken at a location 1.2 chord lengths upstream of the Rood wing leading edge, at a height equal to the midspan of the Rood wing, and at seven locations spanning across the test section in the z-direction, as shown in Figure 4 . A table summarizing the measured freestream turbulence quantities for each test case is presented below in Table 1 .
Table 1. Freestream Parameters and Reynolds Numbers
Nine test cases are presented in this study, exploring the effect of three turbulence levels and three body-thickness Reynolds number (ReT) levels on the horseshoe vortex behavior. Cases are named using the nomenclature of the turbulence grid configuration, and the body-thickness Reynolds number level, consisting of either 7000, 25000, or 80000, abbreviated as 7k, 25k, and 80k. Information on the freestream conditions for each case is presented in Table  1 , while profiles of the incoming boundary at X/C of -1.2 are presented in Figure 5 . In Figure 5 , the incoming boundary layer profiles measured using 2D PIV are compared to Spaulding's law of the wall for each body-thickness Reynolds number tested. The profiles show good agreement in the log layer, and the well-known effect of high freestream
Case Name
ReT Reθ Tu (%) L/T [20] , is observed for configurations "MT" and "HT".
C. Flowfield Measurement and Analysis Tools
Stereo particle image velocimetry (SPIV) and hot-wire anemometry were the primary flowfield diagnostic tools used in this study. Stereo particle image velocimetry (SPIV) was used to capture time resolved measurements of the three-dimensional velocity field in a two-dimensional plane along the axis of symmetry of the wing and extending upstream from the wing leading edge. Two Photron FASTCAM Mini UX100 high speed cameras were used to capture particle movement with a maximum double-frame sampling rate of more than 2kHz and 1.3 Megapixel resolution. A Photonics DM20-527 Nd:YLF dual-head laser, and a LaVision timing unit and software control were used to illuminate the particles. This laser outputs light at a wavelength of 527 nm and is capable of a maximum output pulse energy of 20 mJ per head. The tracer particle used in this study was Di-Ethyl-Hexyl Sebecat (DEHS). DaVis 8 software was used to process the images collected. During data collection, 200 mm focal length lenses and Scheimpflug adapters were used on each camera, for a magnification of 0.04 mm/pixel. A LaVision supplied calibration plate was used for initial calibration, and after data-collection, stereo self-calibration was performed to increase stereo reconstruction accuracy. In stereo configuration, each camera was positioned at approximately 57 degrees from the line of chordal symmetry of the wing, capturing particle reflected light in forward scatter. For incoming boundary layer characterization, two-dimensional PIV measurements were taken by positioning a single camera at a position of 1.2 chord lengths upstream of the rood wing, as shown in Figure 4 perpendicular to the laser sheet. To achieve a wider field of view, 105 mm lenses were used, providing a magnification of 0.06 mm/pixel.
Once time-resolved flowfield data is collected, analysis is done in a custom MatLab code. The code also includes a vortex tracking tool, first used in Elahi et. al. [18] , to track primary vortex core position and movement. This vortex tracking tool, shown in Figure 4 , identifies the vortex core position in each frame by locating the point of maximum normalized q-criterion within a specified search window. A minimum cutoff magnitude of 0.75 for normalized qcriterion is used to prevent false data under the condition of vortex breakdown, where no strong core can be said to exist. This position data can then be used to produce histograms of the vortex core position, revealing the approximate location of its two dominant modes -backflow and zero-flow modes -as well as shedding light on the stability of these structures and of the vortex core transition.
To characterize the freestream parameters of turbulence intensity and turbulent length scale, hotwire anemometry was used. The system is a TSI IFA 300 hot wire anemometer system, operated using the ThermalPro software. Data was sampled at 10 kHz and collected using an NI PXle-1073 Daq system. The measurement was made with a single channel hotwire probe held in place by a probe support mounted to the top of the test section. Calibration of the hot wire anemometer was done to account for the electrical resistance of the probe support and cables connecting the probe to the hot wire anemometer. A low pass filter of 5 kHz was applied to the probe measurement. From the filtered output signal, turbulent kinetic energy was calculated from the fluctuating component of the converted velocity signal, and turbulent length scale was calculated by taking the autocorrelation of the velocity signal, and multiplying the resulting time scale by the mean velocity.
D. Measurement Uncertainty
An uncertainty analysis was conducted on both the PIV and hot wire anemometry instruments used in this study. The experimental setup used to collect SPIV measurements in this study is identical to the setup described in Elahi, et al. [18] , who reported RMS uncertainty in velocity measurements ranging from a maximum of 10.9 percent in the vortex core to a minimum of 0.82 percent in the freestream. A detailed table of estimations of uncertainty in the SPIV measurements of this study may be found in Elahi, et al. [18] . An analysis of uncertainty in the hotwire measurements was conducted via the method described in Moffat [21] , with the resulting uncertainty in velocity measurement over the range of velocities measured in this study at 2.6 percent. 
IV. Results and Discussion
Time-resolved flowfield measurements were collected in the Z=0 plane at the base of the Rood wing leading edge, producing velocity flowfields spanning from the leading edge of the Rood wing to a distance of 0.5T upstream, and spanning from the lower endwall in front of the wing to a height of 0.3T. First, the measurements collected at low turbulence were compared to identical cases taken in Elahi, et al. [18] in order to validate these cases as accurate baseline measurements in comparing the effect of freestream turbulence intensity at each Reynolds number. A comparison of the medium Reynolds number case at low turbulence with data from Elahi, et al. is presented in Figure  7 , showing good agreement in both the velocity magnitude and turbulent kinetic energy fields between the two cases.
A summary of time-mean velocity magnitude and turbulent kinetic energy fields for all nine cases, presented in Figure 8 , shows several interesting and distinct trends in regards to the effect of freestream turbulence intensity with varying Reynolds number. Figure 8a depicts contours of time-mean velocity magnitude, with cases arranged by varying Reynolds number in the horizontal and varying turbulence intensity in the vertical. A similar organization scheme is used in Figure 8b , which depicts contours of time mean turbulent kinetic energy. In the contours of timemean velocity, it can be observed that with increasing freestream turbulence, the time mean position of the horseshoe vortex core becomes slightly closer in X/T to the leading edge. This trend holds true for all three Reynolds numbers tested, with the exception of the MT_7k case. More striking, however, is the effect of freestream turbulence intensity on the magnitude of turbulent kinetic energy in the time-mean vortex core. For low Reynolds number, turbulent kinetic energy magnitude approximately doubles in the horseshoe vortex core when turbulence level moves from low to medium and high turbulence. Between medium and high turbulence, however, there is little change in turbulent kinetic energy magnitude, suggesting that for low Reynolds number, the effect of freestream turbulence is fully Figure 7 . A comparison of case LT_25k to data taken at comparable Reynolds number, turbulence intensity, and geometric conditions in Elahi, et al. [18] . accomplished at levels at or below the medium turbulence level of approximately 10%. This is not true for medium and high Reynolds number, however. For medium Reynolds number, turbulent kinetic energy continues to increase as freestream turbulence increases, suggesting that a higher threshold of freestream turbulence is necessary to achieve full effect at this Reynolds number. For high Reynolds number, there appears to be no significant effect of freestream turbulence intensity on the turbulent kinetic energy in the vortex core. We thus see that freestream turbulence intensity has an effect on the position of the time-mean vortex core that appears unaffected by Reynolds number, however its effect on the time mean turbulent kinetic energy of the vortex core is quite sensitive to the Reynolds number of the flow.
To better understand the varying sensitivity of the horseshoe vortex core to freestream turbulence effects at varying Reynolds number, the instantaneous vorticity fields were examined. Analysis of the instantaneous contours of vorticity at low and high Reynolds number show a difference in vortex behavior that may explain the Reynolds number dependency of the effects of freestream turbulence. For all cases with low freestream turbulence, the vast majority of vorticity features in the incoming flow that interact with the primary core originate in the incoming boundary layer upstream of the primary core. These features include hairpin vortices that wrap around the core in backflow mode and weaken it, sometimes causing transition from backflow to zero-flow mode [16] . In both the high turbulence cases, however, many instantaneous vorticity features interacting with the vortex core originate in the freestream above the horseshoe vortex, traveling in the negative Y direction along the wing leading edge and being ingested into the horseshoe vortex in zero-flow mode from the downstream side of the vortex, rather than the upstream side as typically occurs with incoming boundary layer vorticity. This process is depicted for high and low Reynolds number in Figure  9 , which shows instantaneous vorticity contour snapshots that are representative of the majority of interactions at each Reynolds number. As can be seen in the figure, for low Reynolds number, the primary vortex core is larger and more coherent than in the high Reynolds number case. Upon inspection of the sequence of instantaneous snapshots, it is clear that the vortex core at low Reynolds number incorporates these vorticity features directly into the primary core. Further, it was observed that for many such events, shortly after ingesting a vorticity feature, the core transitioned from zero-flow mode to backflow mode, moving farther away from the wing leading edge and growing in vorticity magnitude and size. Ingested vorticity into the vortex core and the possible encouragement of more frequent transition movement of the primary vortex core in the X/T direction appears to provide a reasonable explanation for the increase in turbulent kinetic energy in the time-mean vortex core with freestream turbulence at low Reynolds number.
At high Reynolds number, however, an investigation of Figure 9 reveals that the vorticity feature is not often incorporated into the vortex core directly, but rather is dissipated or moves out of the plane of measurement. This inability to incorporate the incoming vorticity features could be due to the relative lack of size and strength in the less coherent high Reynolds number vortex core. The result is that at high Reynolds number, the primary core was less frequently observed making large X/T motions and was usually less coherent than in the low Reynolds number case. This theory of freestream turbulence ingestion is supported by contours of the RMS of vorticity, shown in Figure  10 . In Figure 10 , contours for low Reynolds number show that with low and medium turbulence, the magnitude of vorticity in the core increases with higher freestream turbulence and shifts toward the wing. This is indicative of the freestream vorticity features which are ingested into the primary core on the downstream side of the vortex rather than the incoming boundary layer structures, which largely interact with the upstream side of the vortex. At high Reynolds number, there is little change in the magnitude or shape of the RMS of vorticity near the junction, suggesting that there is little ingestion of freestream turbulence into the primary core occurring at this Reynolds number. Possibly the larger size of the approach boundary layer, and the increased number of turbulent scales present, tend to block the interaction of freestream eddies with the junction flow. The inability of the primary vortex core to incorporate freestream vorticity at high Reynolds number could explain in part why the time-mean turbulent kinetic energy distribution seems to be unaffected by freestream turbulence level.
Dynamic primary HS vortex-tracking analysis supports the subtle trend of a shift in core position behavior with increased freestream turbulence intensity, and also shows some effect of Reynolds number on the distribution of the horseshoe vortex core. Figure 11 presents histograms of vortex core location over the entire sample time, with core location determined by the location of maximum instantaneous normalized Q-criterion [18] . Sampling rate was varied for each Reynolds number tested in order to capture approximately the same number of convective flow-through times in each case (approximately 60 flowthrough times), allowing direct comparison of the number of occurrences, N, of the horseshoe vortex core within each grid cell depicted in Figure 11 . Inspection of Figure 11 reveals that with increasing Reynolds number, the distribution of vortex core locations becomes less elongated and more tightly distributed within a shorter oval shape. This trend was also reported by Elahi, et al. [18] , the study in which this vortex tracking tool was first introduced and used to analyze the effect of Reynolds number on the probability of the vortex Figure 10 . Contours of time-mean RMS vorticity for all nine test cases, arranged as in Figures 8a and 8b. core location. Elahi, et al. found that with increasing Reynolds number, the distribution of core positions changed from an elongated region with two separated distinct peaks, presumably representing the backflow and zero-flow modes, to a wider more ovular distribution with less distinct separation in peaks. In the data presented in Figure 11 , there are also two somewhat distinct regions of high probability in the low Reynolds number cases, which consolidates as Reynolds number increases. Within each Reynolds number, the vortex core is shifted toward the leading edge of the wing with increasing turbulence intensity, as was also observed in the time-mean analysis of velocity and turbulent kinetic energy, shown in Figures 8a and 8b . This trend appears in these histograms both as a shift in the entire oval region of probability toward the wing leading edge, and also as a tendency for slightly higher distribution of occurrences toward the right-hand side of the oval region. In addition to these trends which support the trends observed in the time-mean contours, Reynolds number appears to have some effect in the size of the region that the vortex core most often inhabits.
V. Conclusions
The effect of freestream turbulence intensity at three body-thickness Reynolds numbers was explored using stereo PIV measurements with time-mean and dynamic vortex core tracking analyses. Time-mean velocity and turbulent kinetic energy contours showed an effect of the freestream turbulence in shifting the time mean vortex core location slightly toward the wing leading edge in X/T. This trend was also supported by histograms of the vortex core location for each case. More striking, however, was the effect of freestream turbulence on the turbulent kinetic energy levels in the time-mean vortex core. Freestream turbulence was observed to have a dramatic effect in increasing turbulent kinetic energy in the vortex core for low Reynolds number, and to have no appreciable effect for high Reynolds number. This difference in vortex core behavior may be in part explained by the greater coherence and size of the instantaneous horseshoe vortex core at low Reynolds numberwhich was observed to ingest turbulence structures from the freestream more effectively than the more chaotic and often smaller high Reynolds number core. The amplification of turbulent kinetic energy in the time-mean vortex core due to freestream turbulence is highly sensitive to the magnitude of the Reynolds number. and at high Reynolds number, appears to have the effect of insulating the horseshoe vortex, which is contained entirely within the boundary layer, from freestream turbulence. This observation agrees with the findings of a companion publication by Elahi, et al. [21] , which suggests that the effect of freestream turbulence on surface heat transfer produced by the horseshoe vortex is observed most strongly at low Reynolds number and decrease with increasing Reynolds number for a given freestream turbulence level. 
